gene, is a nuclear protein kinase that functions in DNA 3 UCLA, School of Medicine, Department of Biological Chemistry, recombination and repair (Hoekstra et al., 1991 an essential gene pair with HRR25 . A third CK1 isoform, essential for viability, is encoded by In Saccharomyces cerevisiae, the redundant YCK1 and duplicate genes YCK1 and YCK2 (Robinson et al., 1992 ; YCK2 genes (Yeast Casein Kinase 1) are required for Wang et al., 1992) . This isoform is likely anchored to the viability. We describe here the molecular analysis of plasma membrane by a carboxy-terminal isoprenyl modifour mutations that eliminate the requirement for Yck fication, since both Yck1p and Yck2p contain a conserved activity. These mutations alter proteins that resemble geranylgeranyl consensus sequence at the extreme carboxythe four subunits of clathrin adaptors (APs), with highest terminus, and elimination or alteration of this sequence sequence similarity to those of the recently identified abolishes membrane association (Robinson et al., 1993 ; AP-3 complex. The four yeast subunits are associated in Vancura et al., 1993 Vancura et al., , 1994 . a high-molecular-weight complex. These proteins have Deletion of both YCK1 and YCK2 results in aberrant no essential function and are not redundant for function cellular morphology and growth arrest. A yck ts strain, which with other yeast AP-related proteins. Combination of contains a temperature-sensitive allele of YCK2 (yck2-2 ts ) suppressor mutations with a clathrin heavy chain mutaand a deletion of YCK1, displays a similar phenotype at tion (chc1-ts) confers no synthetic growth defects. How-37°C to that of yck1 -yck2 -cells. At this restrictive temperaever, a yck ts mutation shows a strong synthetic growth ture, yck ts cells undergo several cell cycles without cell defect with chc1-ts. Moreover, endocytosis of Ste3p is division, resulting in dramatically elongated buds. Since dramatically decreased in yck ts cells and is partially these buds usually define a single cellular compartment restored by the AP suppressor mutations. These results continuous with the mother cell, this CK1 form is required suggest that vesicle trafficking at the plasma membrane for cellular functions that include both morphogenesis and requires the activity of Yck protein kinases, and that the cytokinesis (Robinson et al., 1993) . new AP-related complex may participate in this process.
Introduction
and form an assembly site for clathrin, facilitating vesicular The family of protein kinases collectively called casein budding. We also provide evidence that wild-type levels kinase 1 (CK1) has been characterized biochemically over of Yck activity are required for efficient constitutive the past several decades (Tuazon and Traugh, 1991) . These endocytosis of the pheromone receptor Ste3p. Based on protein kinases, ubiquitous among eukaryotic cell types, these results, we propose that Yck-mediated phosphorylcomprise a large family of related gene products. The memation is required for some aspect of vesicle trafficking at bers of the five CK1 groups termed α, β, γ, δ and ε each the plasma membrane, and that the novel adaptor-related share at least 50% amino acid sequence identity within the complex participates in this process. protein kinase catalytic domain (Rowles et al., 1991; Graves et al., 1993; Fish et al., 1995; Zhai et al., 1995) . While pressors of temperature-sensitive yck1 -yck2-2 ts (yck ts ) strains (Robinson et al., 1993; see Materials and methods) . Twelve mutants that contained single mutations allowing growth of yck ts cells at 37°C were characterized. Two mutants show wild-type growth rate and morphology at all temperatures. Analysis of meiotic progeny of crosses to LRB343 (yck2::HIS3) showed that both suppressors failed to recombine with the YCK2 locus, and are likely to represent true revertants of the yck2-2 ts allele. Two other strains contain mutations linked to YCK2 that do not restore wild-type growth rate and morphology, which could represent second-site suppressor mutations.
The remaining eight strains contained mutations, termed yks (yck ts suppressor) mutations, that showed no genetic linkage to each other, to YCK1 or YCK2. Seven yks mutations were fully recessive and complemented one another. One mutation was recessive to wild-type but displayed complex genetic character in complementation tests with the other seven recessive yks mutations. None restores wild-type growth and morphology. To determine whether the suppressor mutations could bypass the essential requirement for Yck activity, we examined meiotic We describe here the characterization of the four fully plate shown in (A) (24 h incubation) were suspended on slides, recessive bypass suppressors, yks4, yks5, yks6 and yks7.
viewed and photographed using phase optics. Final magnification, As shown in Figure 1 , these mutations restore growth at~6 00ϫ, is identical for all panels. restrictive temperature to the yck ts mutant but only partially alleviate its morphological defect. The growth rate of the yck ts yks strains is intermediate between the yck ts strain large chains (δ and β3A or β3B/β-NAP), one medium (μ3/p47) and one small chain (σ3). Although the function and the YCK ϩ strain ( Figure 1A ) as is the extent of elongated morphology ( Figure 1B) . None of these four of this complex is not clear, it does not appear to colocalize with clathrin. mutations results in obvious associated growth or morphogenesis defects in YCK ϩ strains (data not shown).
The amino acid sequences of the YKS gene products were aligned with multiple AP subunit sequences from the GenBank, Swiss-Protein and EMBL databases using The YKS genes encode proteins resembling clathrin adaptor subunits the Clustal V program (Figure 2 ). The YKS4 (chromosome XVI; also called YPL195w; accession number Z73551) The four wild-type YKS genes were cloned from low copy genomic libraries by complementation of the ability of and YKS5 (chromosome VII; also called YGR261c; accession number S63450) genes encode products with preyks yck ts strains to grow at 37°C. Each gene encodes a protein that shares limited but significant similarity with dicted molecular weights of 107 and 92 kDa, respectively. Yks4p shows 18-19% sequence identity over most of its one of the four clathrin adaptor complex (AP) subunits, which with clathrin constitute a major group of vesicular length to α and γ adaptins. Interestingly, as shown in the large subunit dendrogram (Figure 2A ), Yks4p is most transport coats. AP complexes are thought to be responsible for receptor capture and clathrin assembly during related (25% identity) to the recently identified AP-3 δ subunit (Simpson et al., 1997) . Most striking are the clathrin-mediated vesicular budding. The two major types of clathrin AP complexes in mammalian cells, AP-1 and alignments over the first 182 amino acids of Yks4p, which show 44% identity with δ as compared with 20% and AP-2, are restricted to Golgi and plasma membranederived coated pits and vesicles, respectively. AP-1 par-26% identity with α and γ, respectively. Yks5p shows 21-22% identity to the AP β large chains, but again is ticipates in sorting at the trans-Golgi, while AP-2 mediates selective endocytosis of plasma membrane proteins (Pearse most related (26% identity) to both neuronal and nonneuronal β isoforms of AP-3 ( Figure 2A ; Newman et al., and Robinson, 1990) . The complexes are identical in architecture, each containing two large subunits (γ and β1 1995; Simpson et al., 1997) . The YKS6 gene, on chromosome II (Feldmann et al. , in AP-1; α and β2 in AP-2), one medium (μ1 or μ2) and one small subunit (σ1 or σ2). In addition, a related novel 1994), was previously called APM3 and YBR288c. This gene encodes a 55 kDa protein most similar in primary mammalian adaptor-like complex, AP-3, was recently identified (Newman et al., 1995; Simpson et al., 1996, sequence to AP medium (μ) chains. The sequence similarity is again limited (22-24% identity) but extends over 1997; Dell'Angelica et al., 1997) that also contains two most of the protein's length. Again, Apm3p shows slight containing this open reading frame (data not shown). No in-frame ATG exists for the longest open reading frame preferential similarity to the corresponding AP-3 subunits (μ3/p47; Figure 2B ).
within the complementing region and all conserved splice site elements are present for a 67 nucleotide predicted The 21 kDa YKS7 (chromosome X; also called YJL024c) predicted product is likely translated from a spliced intron at the extreme 5Ј end of the coding sequence. The Yks7 protein is slightly larger than the mammalian message. The RNA that hybridizes to a DNA probe from the complementing region is~600 bases long, 100 bases 17 and 19 kDa AP small (σ) chains with which it shares 29-33% amino acid identity. However, Yks7p is similar smaller than the expected size for an unspliced message in size and shares strongest sequence similarity (37% identity) with the AP-3 σ3A and σ3B proteins ( Figure  2C ; Watanabe et al., 1996; Dell'Angelica et al., 1997; Simpson et al., 1997) . Genes encoding AP-related proteins have been identified previously in yeast (Kirchhausen, 1990; Kirchhausen et al., 1991; Nakayama et al., 1991; Phan et al., 1994; Rad et al., 1995; Stepp et al., 1995) . The APL genes (AP large chain) APL1 and APL2 encode β-like chains, and APL3 and APL4 encode α/γ-like proteins. Three other genes, APM1, APM2 and APM4, encode proteins similar to AP medium/μ chains, and two other genes (APS1 and APS2) encode proteins similar to AP small/σ chains. Some of these gene products show preferential similarity to AP-1 or AP-2 subunits (Figure 2 ), but none shows preferential similarity either to the Yks proteins or to the AP-3 subunits. Nevertheless, since each of the YKS gene products is related to adaptor subunits, we have adopted the established nomenclature for yeast AP subunit homologues. Thus, the revised gene designations are YKS4 ϭ APL5, YKS5 ϭ APL6, YKS6 ϭ APM3 and YKS7 ϭ APS3.
The novel AP subunit-like products are associated in a high-molecular weight complex Since all four subunits of an AP-like complex were identified in the yck ts suppressor screen, it seemed likely that these proteins are associated in an adaptor-like complex. To test this prediction, we examined the elution pattern of the Apm3 subunit in a gel sizing column in wild-type and aps3::LEU2, apl5::HIS3 and apl6::URA3 disruption strains, which are perfectly viable (see below). We predicted that loss of any of the other subunits would alter the elution pattern of Apm3p if these proteins form a complex.
Cells were lysed in a buffer that strips coats from membranes and a 100 000 g supernatant was fractionated over a Superose-12 column. Apm3p extracted from a wild-type strain eluted in a high-molecular-weight complex Trees were constructed and displayed as described in Materials and methods. Accession numbers for sequences displayed: Apl1p
Databases: G, GenBank; S, Swiss-Prot.; E, EMBL. Sequences of delta (δ), β3A adaptins and σ3 proteins were provided by M.S.Robinson and J.Bonafacino (personal communications).
et al., 1995) . This is surprising given the severe growth and sorting phenotypes associated with mutation of clathrin heavy chain. One explanation for the lack of phenotypic effect associated with loss of yeast APs is the presence of a functionally redundant subunit or complex(es). However, the gene products described here do not appear to be wholly redundant with other yeast AP subunits. Single deletions of APS1, APS2, APM2, APL2 and APL3 (Phan et al., 1994; Rad et al., 1995; Stepp et al., 1995) were generated in a yck ts strain. None of these deletions supports growth of yck ts strains at 37°C, indicating that the suppression phenotype is unique to loss of function of the YKS Fig. 3 . The YKS gene products are components of an AP-like complex. The 100 000 g supernatants from whole-cell extracts were AP genes. et al., 1996) . In addition to the putative monomeric Apm3p species, intermediate-size complexes were observed from chc1-ts background. Thus, the relationship of these APlike proteins with clathrin is unclear, as it is for several mutants with disruptions of the δ-like (apl5/yks4) and σ-like (aps3/yks7) subunit genes. Although antibodies to other yeast AP-related proteins (Phan et al., 1994; Rad et al., 1995; Stepp et al., 1995) . the other subunits will be required to identify the components of the intermediate complexes, these biochemical
We next examined the genetic relationship between Yck activity and clathrin function by combining yck ts with data indicate that Apl5p, Apl6p, Apm3p and Aps3p likely function together in a unique adaptor-like complex.
chc1-ts. Unlike either single mutant, the growth of yck ts chc1-ts strains is extremely slow, even at 24°C, and such mutants are inviable at temperatures above 30°C ( previously identified yeast AP subunits We generated strains disrupted for each of the four therefore Yck activity may be required for a pathway that is parallel to or intersects a clathrin-dependent pathway. AP subunit-related genes (Materials and methods) and examined the consequences of loss of function. Single
We tested for the ability of the yks mutations to suppress the severe growth defect of chc1-ts yck ts strains. If loss and multiple yks AP disruptions in YCK ϩ strains, including a quadruple mutant, confer no obvious growth defect. In of this AP-like complex affects a clathrin-independent pathway, then these mutations should restore growth of contrast to yeast clathrin mutants, processing of the α-factor mating pheromone, reflecting proper late Golgi the chc1-ts yck ts strains to that of the single chc1-ts mutant. Instead, deletion of the novel AP genes had no effect on retention of Kex2p, and sorting and processing of the soluble vacuolar hydrolase carboxypeptidase Y appear the growth of chc1-ts yck ts mutants. One explanation for these results is that suppression of the yck ts growth defects normal in yks strains (data not shown). The disruptions were also introduced into yck ts strains. In every case, the by the AP mutations requires clathrin function. single obvious phenotype of disruption was suppression of defects resulting from loss of Yck function.
Endocytosis of Ste3p is normal in YKS AP-deleted strains
Previous studies of other yeast AP subunit genes also failed to uncover any obvious growth or protein trafficking
The yks AP mutations suppress the lethality due to loss of plasma membrane-localized Yck activity and the defects associated with deletion of these genes in otherwise wild-type genetic backgrounds (G.Payne, personal compredicted Yks products form an AP-like complex, together suggesting a function in an endocytic pathway. Therefore, munication; Phan et al., 1994; Rad et al., 1995;  Stepp in the wild-type strain KMY28 (A) and the yks4/apl5 strain to~2ϫ10 7 cells/ml. Drops of undiluted culture (left columns) and a KMY25 (B). For pulse-chase assay using a pGAL1-driven STE3 5-fold dilution (right columns) were placed onto solid rich medium construct (see Materials and methods), cells were grown in and plates were incubated at the indicated temperatures for 24 h (30, YEPgalactose, shifted to YEPglucose and sampled at the indicated 35 and 37°C) or 36 h (24°C) before plates were photographed. Strains times after the shift. Western blots were probed with anti-Ste3p (upper are: yck ts , LRB756; YCK ϩ , LRB758; chc1-ts, LRB781; yck ts chc1-ts, panels) and reprobed with antisera to phosphoglycerate kinase (Pgk) to LRB779.
provide loading controls (lower panels).
activity together suggest that Yck-mediated phosphorylwe tested whether deletion of the YKS AP genes had any effect on constitutive endocytosis of the STE3-encoded ation could regulate vesicle trafficking to or from the plasma membrane. Constitutive endocytosis of Ste3p was a-factor pheromone receptor. Ste3p is internalized at a high constitutive rate and degraded in the vacuole (Davis therefore examined in yck ts mutants. Assays of Ste3p stability were carried out with cells grown at 24°C, the et al., 1993; Givan and Sprague, 1997); thus, its rate of turnover directly reflects its internalization rate.
permissive temperature for yck ts . In contrast to the results with the wild-type strain ( Figure 6A ), Ste3p levels in the Analysis of Ste3p turnover was performed using a GAL1-driven STE3 gene (Davis et al., 1993) , whose yck ts strain remain approximately the same throughout 120 min of glucose chase ( Figure 6B ). expression is induced by galactose and rapidly shut off upon addition of glucose. Assays of Ste3p stability during To test whether the increase in stability of Ste3p is due to a defect in constitutive internalization or to accumulation a glucose chase at 24°C were carried out by immunoblot analysis. As shown in Figure 5A , the amount of Ste3p in internal compartments, we determined the accessibility of Ste3p to extracellular protease at each time point (Davis in wild-type cells declines rapidly, little protein being detectable after 90 min. The half-life estimated from these et al., 1993) . Accessibility to protease is demonstrated by the appearance of a major cleavage product that includes and other data is~30 min, slightly longer than that reported for Ste3p at 30°C (Davis et al., 1993) . Although the initial the membrane-spanning and cytoplasmic domains of Ste3p. As shown in Figure 6B , the majority (Ͼ70%) of level of Ste3p appears higher in the YCK ϩ apl5/yks4 mutant, the rate of degradation is comparable with that in the Ste3p in yck ts cells remains accessible to protease at all time points, suggesting that these cells are defective the wild-type strain ( Figure 5B ). Similar results were obtained for other YCK ϩ yks mutant strains (data not in clearance of the receptor from the cell surface rather than in subsequent trafficking of Ste3p to the vacuole. shown). These data indicate that this novel AP-like complex is not required for constitutive internalization of To determine if the yks adaptor mutations suppress the endocytosis defect associated with yck ts , we assayed the Ste3p.
constitutive endocytosis rate of Ste3p in yks yck ts mutant strains ( Figure 6C ). Significant internalization of Ste3p in YCK-encoded CK1 activity is required for internalization of Ste3p and the yks AP mutations an apl5/yks4 yck ts strain occurred over the time period assayed, albeit more slowly than in the wild-type strain.
partially alleviate this requirement
The identification of AP-related proteins in the yck ts The half-life of Ste3p in the apl5/yks4 yck ts strain estimated from these and other data was 75-80 min. Mutations in suppressor screen, the plasma membrane localization of the Yck proteins, and the genetic interaction with clathrin the other three YKS/AP subunit genes conferred similar phenotype-suppression of loss of Yck activity. Combination of mutations, including the quadruple disruption mutant, has no additive effect on suppression. Finally, Apm3p is detected in a high-molecular-weight complex, and its mobility in gel filtration chromatography is altered in the absence of any of the other Yks AP subunitlike proteins. Previous characterization of yeast AP-related proteins has been based on the idea that they might operate like mammalian adaptor complexes and act in association with clathrin. Since there is no obvious effect on growth of strains deleted for any yeast AP subunits, the possible function(s) has been investigated by combining deletions of each with a temperature-sensitive allele of clathrin heavy chain (chc1-ts) (Phan et al., 1994; Rad et al., 1995; Stepp et al., 1995) . Loss of function of any of four AP-1 subunit-like proteins, Apl2p, Apl4p, Apm1p and Aps1p, exacerbates the growth and α-factor pheromone maturation defects of a chc1-ts strain, but does not affect the pheromone receptor endocytosis defect (G.Payne, personal communication; Nakayama et al., 1991; Phan et al., 1994; Rad et al., 1995; Stepp et al., 1995) . These and other data have led to the conclusion that these four subunits define an AP-1-like complex that functions with clathrin at the Golgi. At this time, no yeast AP subunits have been assigned to an AP-2-like complex, although Apl3p and Apm4p are most related to AP-2 α and μ2 subunits, respectively (Figure 2 ). Deletion of other yeast genes encoding AP-like proteins has no synthetic effects with chc1-ts, and loss of function of any of these other adaptorlike proteins does not affect any vesicle trafficking process examined, leading to the proposal that these proteins could carry out a clathrin-independent function (Stepp et al., 1995) .
Based on their genetic relationship with yck ts and the location of Yck protein in the plasma membrane (Vancura adaptors and does not co-purify with brain clathrin-coated vesicles (Newman et al., 1995; Simpson et al., 1996 Simpson et al., , 1997 Dell'Angelica et al., 1997) . This mammalian AP-3 destabilization of Ste3p in yck ts strains (data not shown). Therefore, loss of function of the AP complex also partially complex is proposed to act in a clathrin-independent pathway of trafficking at the TGN and/or an endosomal rescues the internalization defect of the yck ts mutant.
compartment. The Yks AP complex may function in a similar clathrin-independent manner.
Discussion
What is the relationship of Yck1 and Yck2 protein kinases with trafficking and with the Yks AP proteins? We describe here the identification of subunits of a novel yeast AP-like complex, encoded by the APL5 (YKS4),
Our data indicate that the Yck1 and Yck2 protein kinases are required for some trafficking from the cell surface. APL6 (YKS5), APM3 (YKS6) and APS3 (YKS7) genes. The genes were identified by loss of function suppressor Whether this role is essential for growth has yet to be determined, since mutants completely blocked for mutations that allow growth of yck ts cells at restrictive temperature and partially correct the morphological and endocytosis show at most a temperature-sensitive growth defect. The major defect may be blockage of temporally endocytic defects associated with loss of Yck protein kinase activity. Genetic and biochemical data suggest that specific traffic necessary for membrane remodeling or structural alterations that are necessary at different points these novel AP-like products associate in a complex. First, mutations in any of the four genes result in the same during the cell cycle. The location of the Yck2 protein within the plasma membrane changes during the cell strains (L.C.Robinson, unpublished data), it is possible that its specific localization or retention in the plasma cycle, consistent with such a role (L.C. Robinson and C.Bradley, unpublished data) . membrane could account for the bypass suppression. The relationship of the Yks AP subunit-like proteins The simplest model for the suppression of loss of Yck activity by loss of the Yks AP-like complex is that loss with Yck activity could be more direct. A second model to explain the relationship is that the Yks AP-like coat of this complex results in misdirection of a related protein kinase to the plasma membrane, where it can substitute is required for clathrin-independent internalization of a specific subset of plasma membrane proteins, and that for the essential Yck proteins. There are two closely related protein kinases in yeast, Hrr25p and Yck3p Yck phosphorylation of one or more subunits of the complex is required for assembly of an outer coat needed (Hoekstra et al., 1991; Wang et al., 1996) . Hrr25p is a nuclear protein, but its misdirection to the plasma memto drive vesicle budding ( Figure 7A ). In this model, the abnormal stability of Ste3p in the membrane of yck ts cells brane allows substitution for Yck1/Yck2 function (DeMaggio et al., 1992; Wang et al., 1996) . Although is explained by trapping of the receptors by adaptors at the cell surface. Loss of AP complex function by deletion Yck3p forms an essential pair with Hrr25p, it carries a consensus sequence for isoprenylation, and a significant of one or more subunits would alleviate sequestering of receptors, and allow slow internalization by another fraction is localized to the plasma membrane as well as to internal membranes. Intact YCK3 acts as a dosage mechanism, e.g. a clathrin-dependent mechanism. This model explains both the synthetic growth defect suppressor of yck ts . While overexpression of Yck3p does not support growth of yck1 -yck2 -of yck ts with chc1-ts, as well as the lack of suppression of this defect by the yks/AP mutations. The loss of observed in our studies, but further studies, including localization of the adaptor complex, are needed to distinboth Yck-stimulated and clathrin-dependent endocytic mechanisms, combined with other chc1-ts defects, could guish between these possibilities. Overall, our results provide direct evidence that the account for the synthetic growth defect. The suppression of yck ts by the yks mutations would require a clathrinYck protein kinases are involved in vesicle transport in yeast. Other studies have suggested such a role for dependent pathway, so these adaptor mutations would not be predicted to rescue the synthetic yck ts chc1-ts defect.
CK1 enzymes. A mammalian CK1 isoform localizes to cytoplasmic vesicular structures and is highly enriched in Another prediction of this model is that loss of the kinase might result in the accumulation of unphosphorylated Yks synaptic vesicles (Brockman et al., 1992; Gross et al., 1995) . Also, both YCK1 and YCK2 act as dosage supadaptor complex at the plasma membrane. Further studies are under way to test whether any subunits of the Yks pressors of the gcs1 mutation, which was reported to confer an endocytic defect . Gcs1p is complex are phosphorylated in a Yck1/Yck2-dependent manner and whether this affects association with memhomologous to a mammalian ADP ribosylation factor (ARF) GTPase activating protein (Cukierman et al., 1995) , branes. Classical mammalian AP subunits are phosphorylated in vivo (Bar-Zvi et al., 1988; Pauloin and Thurieau, and genetic interactions of gcs1 and arf mutants have been observed (Poon et al., 1996) . ARF small GTPases 1994; Wilde and Brodsky, 1996) , although in most cases the significance of the modification is unknown. In one are thought to be important for the recruitment of certain coat proteins, including coatamer (COP1) and AP-1 study, phosphorylation of β2 adaptin blocked association of clathrin with the AP-2 complex (Wilde and Brodsky, adaptors, onto membranes (Stamnes and Rothman, 1993; Traub et al., 1993) . Recruitment of the mammalian AP-3 1996). This effect is opposite from that predicted by our model, where phosphorylation by Yck1p/Yck2p would adaptor to membranes may also be regulated by small GTPases (Simpson et al., 1996) . It is intriguing to speculate promote outer coat assembly, but different coats are probably involved and phosphorylation by distinct protein that the function of this new Yks adaptor is affected by a Gcs1p-regulated small GTPase. Thus, the suppression of kinases could have distinct effects on assembly.
A third possible model is that the kinase phosphorylates gcs1 by the YCK-encoded CK1s could reflect modulation of the same pathway(s) that require the novel AP-3-like cargo proteins directly to regulate their trafficking. Both the Ste3p and Ste2p receptors are phosphorylated, and complex. phosphorylation has been suggested to regulate internalization (Zanolari et al., 1992; Hicke and Riezman, 1996;  Materials and methods Roth and Davis, 1996) . However, our data do not support a model in which Yck phosphorylation of plasma membrane DNA manipulation and analysis Standard techniques were used for DNA manipulation (Maniatis et al., cargo promotes adaptor binding and internalization. In the 1982; Sambrook et al., 1989) . Restriction and modification enzymes yck ts mutant, cargo would remain unphosphorylated and Alternatively, the Yks AP complex could act at an Insertion mutagenesis of the YKS plasmids was carried out in endosomal compartment to sort proteins destined for return Escherichia coli strain RR1 (Maniatis et al., 1982) using λ phage to the cell surface. Phosphorylation of the cytosolic carrying Tn5 (Sullivan et al., 1985) . Plasmids carrying insertions were domains of membrane proteins by the Yck kinases would directly selected by addition of kanamycin to growth media. Positions signal their movement to the vacuole for degradation, and of insertion were determined by restriction site mapping, and mutants were tested for function by complementation analysis in mutant strains. lack of phosphorylation would result in return to the cell DNA sequence was determined for both strands using the Sequenase surface after recognition by the Yks AP-like complex 2.0 kit as recommended by the manufacturer (US Biochemical). Analysis ( Figure 7B ). Loss of Yck activity would result in the of DNA sequences was carried out using DNAsis software and Clustal V inability to subject this set of proteins to regulated degradmultiple sequence alignment software. Database searches with predicted protein sequences were carried out either from the National Center of ation, such as is required for remodeling at the cell surface Biological Information or from the Saccharomyces Genome Database, during cell growth. This model explains the abnormal using the Blast algorithm (Altschul et al., 1990) . Dendrograms were stability of Ste3p in yck ts cells as resulting from continual constructed by aligning sequences using the Clustal V program and removal from and recycling to the surface. Loss of the generating tree diagram output using the Hypercard stack ClusToTree Yks AP-like complex would allow removal of these (programs courtesy of B.Fuller). proteins to the vacuole by other mechanisms, which would Yeast culture and manipulation be unregulated and less efficient. The fact that cells lacking Yeast strains (Table I) were grown on standard rich (YEP) or synthetic both Yck activity and the AP-like complex are not wildmedium at temperatures as indicated, and standard techniques were used type in growth rate, appearance or Ste3p turnover is for phenotypic and genetic analyses (Sherman et al., 1986) . Yeast genomic DNA for Southern hybridization was prepared by a rapid glass consistent with this idea.
bead lysis method (Hoffman and Winston, 1987) .
A model in which the Yks AP-like complex functions Yeast transformation was by the LiAc procedure (Ito et al., 1983), in recycling is appealing, since mammalian AP-3 seems modified by buffering all solutions with Tris-EDTA at pH 8.0. All gene to localize to an endosome-like compartment. As yet there disruptions were constructed in vitro and introduced into diploid strains is no direct evidence for a recycling endosome in yeast, by standard gene replacement (Rothstein, 1983) . Strains confirmed by genomic Southern analysis to carry a disrupted allele were sporulated although recent studies of yeast chitin synthases 1 and 3 and haploid progeny were analyzed.
have suggested that an internal compartment, the chitosome, has properties of a recycling endosome (Chuang Isolation of suppressors of yck ts Ziman et al., 1996) . Other models Strains deleted for YCK1 and carrying the yck2-2 ts allele (yck ts ) are temperature-sensitive for growth with a restrictive temperature of 37°C could explain the genetic interactions and phenotypes
